Introduction {#Sec1}
============

Detection and definition {#Sec2}
------------------------

Since September 1, 1859, when R.C. Carrington and R. Hodgson observed the first flare in the continuum of white light, the localized, minute-long brightenings on the Sun have remained an enigma. Local flaring of the Sun has been reported at all wavelengths accessible from the ground and from space. Thus the word "flare" is used in solar physics today in a rather ill-defined way, describing a syndrome of apparently related processes at various wavelengths. The problem is even more acute in other languages, such as German and French, denoting flares with the equivalent to "eruption", which may be confused with Coronal Mass Ejections (CMEs) that often happen simultaneously at the time of large flares. The general use of the term "flare" today often alludes to a "sudden release of magnetic energy by reconnection". However, one has to bear in mind that such a definition represents a specific, although widely accepted, interpretation of observations. It may be used as a guide for novices to distinguish flares from other plasma physical phenomena in the solar atmosphere also associated with brightenings, such as the expulsion of magnetic flux or dissipation of shock waves. Nevertheless, it is better to define the flare phenomenon observationally as a brightening of any emission across the electromagnetic spectrum occurring at a time scale of minutes. Most manifestations seem to be secondary responses to the original energy release process, converting magnetic energy into particle energy, heat, waves, and motion.

Brief history of flare observations {#Sec3}
-----------------------------------

A few years after Carrington and Hodgson, the Sun was studied extensively in the H*α* line originating in the chromosphere, and the reports of flares became much more frequent, but also bewilderingly complex. Variations of source size, ejections of plasma blobs into interplanetary space, and blast waves (Moreton, [@CR145]) were noted. Meter wave radio emissions, detected serendipitously in 1942 during military radar operations, revealed the presence of non-thermal electrons in the corona (Hey, [@CR76]). During a radio burst, the total solar luminosity in radio waves may increase by several orders of magnitude. At about the same time, S.E. Forbush noticed ground-level cosmic ray enhancements associated with major solar flares. These discoveries could only mean that the flare phenomena is not confined to thermal plasma, but includes high-energy particles and involves the corona. In the late 1950s it became possible to observe the Sun in hard X-rays (≳ 10 keV) by balloons and rockets. Peterson and Winckler ([@CR156]) discovered the first hard X-ray emission during a flare in 1958. Later, the enhancements observed in centimeter[1](#Fn1){ref-type="fn"} radio and hard X-ray emissions have led to the surprising suggestion that the radiating energetic particles may contain a sizeable fraction of the initial flare energy release (Brown, [@CR35]). Hard X-rays are caused by the bremsstrahlung of colliding electrons. The photon distribution in energy exhibits a non-thermal shape, close to a power-law. Some of the broadband radio emissions from about 1 GHz to beyond 100 GHz result from the gyration of mildly relativistic electrons in the magnetic field (termed gyrosynchrotron emission). In 1972 the *γ*-ray line emission of heavy nuclei was discovered, excited by MeV protons (Chupp *et al.*, [@CR43]). Finally, millimeter, EUV, and soft X-ray (≲ 10 keV) emissions have shown that the flare energy heats the plasma of coronal loops to temperatures from 1.5 MK to beyond 30 MK. Within minutes, some active-region loops become brilliant soft X-ray emitters, outshining the rest of the corona. Such temperatures and the existence of non-thermal particles requiring low collision rates suggest that the flare is originally a coronal phenomenon. As a consequence, the discovery observations in the white light and later in H*α* turned out to have stumbled upon secondary phenomena. This review will show that present observations get much closer to the heart of flares, but still miss the primary process. On the other hand, this review will also demonstrate that flares are not purely coronal. They couple to the chromosphere in a substantial way and must be understood as processes in which corona and chromosphere form an interactive system (as exemplified in Figure [1](#Fig1){ref-type="fig"}). Figure 1:mpg-Movie (14976.1992188 KB) Still from a movie showing Soft X-rays (red), hard X-rays (blue) and gamma-rays (purple) observed by the RHESSI satellite are overlaid on an optical H*α* image. The movie starts in white light zooming into an active region. The color then changes to the H*α* line of hydrogen, emitted in the chromosphere. Its brightening indicates the start of the flare. Visualization by RHESSI scientists. (For video see appendix)

The phases of flares {#Sec4}
--------------------

The timing of the different emissions of the same flare is presented schematically in Figure [2](#Fig2){ref-type="fig"}. In the *preflare phase* the coronal plasma in the flare region slowly heats up and is visible in soft X-rays and EUV. A large number of energetic electrons (up to 10^38^) and ions (with similar total energy) is accelerated in the *impulsive phase*, when most of the energy is released. The appearance of hard X-ray footpoint sources at chromospheric altitude is a characteristic of this phase (Hoyng *et al.*, [@CR82]). Some high-energy particles are trapped and produce intensive emissions in the radio band. The thermal soft X-ray and H*α* emissions finally reach their maxima after the impulsive phase, when energy is more gently released, manifest in decimetric pulsations, and further distributed. The rapid increase in H*α* intensity and line width has been termed *flash phase*. It coincides largely with the impulsive phase, although Ha may peak later. In the *decay phase*, the coronal plasma returns nearly to its original state, except in the high corona (\> 1.2 *R*~⊙~, where *R*~⊙~ is the photospheric radius), where magnetic reconfiguration, plasma ejections and shock waves continue to accelerate particles, causing meter wave radio bursts and interplanetary particle events. In Figure [3](#Fig3){ref-type="fig"} the various phases can be recognized. Figure 2:A schematic profile of the flare intensity at several wavelengths. The various phases indicated at the top vary greatly in duration. In a large event, the preflare phase typically lasts a few minutes, the impulsive phase 3 to 10 minutes, the flash phase 5 to 20 minutes, and the decay one to several hours (from Benz, [@CR20]).Figure 3:mpg-Movie (15763.2460938 KB) Still from a movie showing Flare observed in the Fe [xii]{.smallcaps} line at 195 Å (sensitive to 1.5 MK plasma) by the TRACE satellite. Note the different phases, starting with irregular brightnings in the impulsive phase. The luminosity peaks when a sheet-like structures appears above the initial brightening. The diffuse emission at this time is attributed to the presence of the Fe [xxiv]{.smallcaps} (192 Å) line within the TRACE passband, emitted by a plasma of 20 MK. The flare proceeds into a long decay phase with post-flare loops growing in height. (For video see appendix)

The big picture {#Sec5}
---------------

The flare observations may be ordered in a scenario or a sequence of processes in which the flare energy is released in the corona by reconnecting magnetic fields. The process heats the plasma in the reconnection region to temperatures of tens of millions of degrees Kelvin (MK), but also efficiently accelerates electrons to super-thermal energies peaking below some 20 keV and extending sometimes to several tens of MeV. Reconnection most likely takes place also in the interior of the Sun and the lower solar atmosphere. The impulsiveness of the flare energy release is possibly caused by a sudden change in resistivity by high-frequency (collisionless) wave turbulence and is probably related to the capability of particle acceleration. Both require long collision times, i.e., low density. Not surprisingly, impulsive flare reconnection is generally assumed to take place in the corona, consistent with observations.

The energy then propagates from the corona into the dense chromosphere along a magnetic loop by thermal conduction or free-streaming non-thermal particles, depending on the flare and the flare phase. The chromospheric material is heated to tens of million degrees and expands into the corona. The upward motion fills up existing coronal loops, but the motion may continue in an expansion of these loops. In some cases, the flare may be only a minor part of a much larger destabilization of the corona, when the magnetic confinement of a considerable part of the corona is broken up. It expands and is expelled by magnetic forces in a coronal mass ejection (CME, Figure [4](#Fig4){ref-type="fig"}). The shock front associated with this motion is also a site of particle acceleration, particularly of high-energy solar cosmic rays observed near Earth or at ground level. Note that a CME is not simply the explosive result of a flare, but has its own magnetic driver. A CME is a different plasma physical process and may even lead to the conditions for reconnection, causing a flare. Figure 4:mpg-Movie (1895.02832031 KB) Still from a movie showing Zoom into an active region where a large flare took place on April 21, 2002. The movie starts in white light observed by the SOHO/MDI instrument, adds the coronal images observed by the SOHO/LASCO coronagraph, then changes to extreme ultraviolet observed by SOHO/EIT and later by the TRACE satellite, and later the RHESSI observations of the flare in soft X-rays (red) and hard X-rays (blue). The focus then goes to the associated coronal mass ejection observed by the coronagraph. The movie ends in a storm of streaks produced by energetic flare particles (mostly protons), hitting the detectors on the Solar and Heliospheric Observatory (SOHO) in space. Visualization by RHESSI scientists. (For video see appendix)

Organization of review {#Sec6}
----------------------

In this review, recent observations by new instrumentation are summarized in view of the basic processes involved in the release of magnetic energy resulting in particle acceleration. The material is ordered along the big questions in flare physics: Section [2](#Sec7){ref-type="sec"}: Flare signatures in the photosphere, chromosphere, and corona (Coupling atmospheric layers).Section [3](#Sec15){ref-type="sec"}: Where is the flare energy released? (Flare geometry).Section [4](#Sec22){ref-type="sec"}: Into what forms is the energy released? (Energy budget).Section [5](#Sec28){ref-type="sec"}: Which emissions are direct signatures of energy release? (Signatures).Section [6](#Sec32){ref-type="sec"}: How are particles accelerated? (Acceleration processes).

The literature reviewing flare observations spans more than a century. Substantial summaries of flares observations have been published among others recently by Murdin ([@CR146]) and Aschwanden ([@CR7]), in more specialized fields by Bastian *et al.* ([@CR14]) on radio emissions, Fletcher and Warren ([@CR62]) on ultraviolet emissions, Ryan *et al.* ([@CR169]) and Schwenn ([@CR174]) on flare effects and energetic flare particles in interplanetary space. Somov ([@CR182]), Tajima and Shibata ([@CR195]), and Priest and Forbes ([@CR162]) have reviewed theory. Older reviews, such as Sturrock ([@CR187]) and Švestka ([@CR191]) are still worth reading. The Astrophysics Data System lists more than 14,500 articles on the keyword "solar flare". Any review, including this one, can only focus on a small fraction of the accumulated information. Comments and suggestions are welcome.

Energy Release in a Coupled Solar Atmosphere {#Sec7}
============================================

Flares and photospheric field configuration {#Sec8}
-------------------------------------------

Flares can occur everywhere on the Sun, in active regions, penumbras, on the boundaries of the magnetic network of the quiet Sun, and even in the network interior (Krucker *et al.*, [@CR109]; Benz and Krucker, [@CR22]; Berghmans *et al.*, [@CR31]). Regular (large) flares, however, have preferred locations. They occur in large active regions showing a complex geometry of the 3D magnetic field as revealed in photospheric vector magnetograms (Régnier and Canfield, [@CR167], see Figure [5](#Fig5){ref-type="fig"}). Major flares occur in active regions that exhibit a *δ* configuration, defined as showing umbrae of opposite magnetic polarity. Flares of the largest size (X class) are associated with arcades of loops spanning a line of zero line-of-sight magnetic field on the surface. Hagyard *et al.* ([@CR73]) have shown that the magnetic field in flaring locations is strongly sheared (Figure [6](#Fig6){ref-type="fig"}). Magnetic shear alone, however, is not a sufficient condition. An additional requirement for large flares is the emergence of new magnetic flux from below (Choudhary *et al.*, [@CR42]). Vector magnetograms often show narrow channels of strong horizontal field components near the neutral line at the site of large flares (Zirin and Wang, [@CR215]). Such fields may already be sheared when emerging and are still moving when they appear in the photosphere (Georgoulis and LaBonte, [@CR67]). Figure 5:mpg-Movie (118.463867188 KB) Still from a movie showing *Left:* White light image of a sunspot taken with SOT on board the Hinode satellite. The resolution is 2″. Visualization by Hinode scientists. *Right:* Vector magnetogram showing in red the direction of the magnetic field and its strength (length of the bar). The movie shows the evolution in the photospheric fields that has led to an X class flare in the lower part of the active region. Courtesy of NAOJ/NINS. (For video see appendix)Figure 6:Map of the line-of-sight magnetic field strength measured in a photospheric line by the MSFC magnetograph. Solid curves denote positive field, dashed curves the negative field, and the dotted curve the neutral line. Circles indicate where the transverse field deviates between 70° and 80° from the potential field (perpendicular to the neutral line), and filled squares indicate deviations \> 80°. A large flare (X3 class) occurred several hours later at the location of the largest shear (from Hagyard *et al.*, [@CR73]).

Large-scale shear in the magnetic field can also build up through the slow motion of foot points stretching the length of a loop. This evolution can progress through stable field configurations. Large-scale sheared fields in active regions store huge amounts of free magnetic energy. The emerging flux may then provide the trigger mechanism for impulsive energy release. The energy is unleashed above the photosphere, either in the chromosphere or corona (Moore *et al.*, [@CR144]). The build-up of the unstable configuration for large flares is often well observable in photospheric magnetic fields. The flare leaves, however, few if any observable traces in photospheric magnetograms. Wang *et al.* ([@CR205]) find an increase of the photospheric magnetic field strength during the flare, consistent with the scenario of magnetic flux emerging into the corona. A frequent flare site is the separatrix between different magnetic loop systems (Démoulin *et al.*, [@CR48]) forming a current sheet, or in a cusp-shaped coronal structure (Longcope, [@CR124]). There is also evidence for flares being related to helical magnetic fields (Low, [@CR125]; Pevtsov *et al.*, [@CR159]).

Photospheric observations clearly support the scenario that flare energy originates from free magnetic energy in excess of the potential value (defined by the photospheric boundary) or, equivalently, from electric currents in the corona. For a rapid release, the currents must be concentrated into small regions. Such currents may be inferred observationally in regions with a tangential discontinuity of the magnetic field direction in the system of rising loops near the base of the corona (Solanki *et al.*, [@CR181]).

The flare energy resides in the magnetic field that originated in the interior and is convected to the surface. Not much can be observed of the flare processes until the energy appears in the form of accelerated particles and extremely hot plasma. In the next section we switch from the origin and build-up to the first observable signature after the primary energy release.

Geometry of hard X-ray emissions {#Sec9}
--------------------------------

When an electron hits another particle in a Coulomb collision, it emits bremsstrahlung. In fully ionized plasma, this is the physical process also known as free-free radiation of thermal electrons. The change in direction and momentum causes a particle with some keV energy or greater to emit X-ray photons. Bremsstrahlung (X-ray emissions) of thermal and non-thermal electron populations are shown in Figure [7](#Fig7){ref-type="fig"}. Figure 7:Typical X-ray spectrum of flare observed by the RHESSI satellite. The soft part is fitted with a thermal component (green) having a temperature of 16.7 MK, and the high-energy part with a power law having two breaks at 12 keV (possibly due to the acceleration process if real) and at 50 keV, of which the origin is unknown (Grigis and Benz, [@CR69]).

The cross-section of a single electron for producing an X-ray photon of a certain energy is given by the quantum mechanical Bethe-Heitler formalism. The instantaneous emissivity of an electron beam propagating in a plasma is named thin target solution. It does not account for the resulting particle energy change to be considered in further collisions. If the target is deep enough, the incident particle slows down to thermal speed. The total radiation is therefore the integral in time over all emissions starting at the entry into the target until the particle energy is thermalized. If other deceleration processes than Coulomb collisions can be excluded, this is the thick target situation (Brown, [@CR35]). The thick target photon spectrum of an electron beam is flatter (usually called harder) than any thin target it may transverse before, as it includes emission of the decelerating electrons. In an ideal situation including a power-law distribution of electron energies, the power-law index of thin target emission is smaller by 2 than the thick target spectrum.

The emission of hard X-rays with a non-thermal energy distribution was first located by Hoyng *et al.* ([@CR82]) at footpoints of coronal loops. Based on stereoscopic observations, Kane ([@CR89]) reported that 95% of the ≳ 150 keV X-ray emission in impulsive flares originates at altitudes ≲ 2500 km, that is at the level of the chromosphere. Brown *et al.* ([@CR36]) concluded that this upper limit in altitude satisfies the collisional thick-target model in which precipitating electrons loose their energy in the dense, cold target. The emission presumably originates from flare-accelerated electrons precipitating into the chromosphere. They follow the field line until they reach a density high enough for collisions and emit bremsstrahlung by scattering and slowing down. Footpoint sources are also occasionally found on H*α* flare ribbons some 30,000 km apart, tracing the base of a magnetic arcade (Masuda *et al.*, [@CR133]). The connecting loop are observed in thermal soft X-ray emission, indicating that the density has greatly increased. Densities of more than 10^11^ cm^−3^ are frequently reported (e.g., Tsuneta *et al.*, [@CR198]) and agree with the concept of chromospheric evaporation. Up-streaming plasma, presumably heated by precipitating particles and filling up a coronal loop, has been observed in blue shifted lines (Antonucci *et al.*, [@CR4]; Mariska *et al.*, [@CR128]).

Flare footpoints are usually observed to move, indicating propagation of the energy release site (Krucker *et al.*, [@CR110]). Reconnection in a cusp above the flare ribbons predicts that footpoints move apart. Contrary to expectation, parallel motion along the flare arcade has also been reported by Grigis and Benz ([@CR70]) and Bogachev *et al.* ([@CR32]) (see movie in Figure [8](#Fig8){ref-type="fig"}). Stochastic jumps in the time evolution are frequent (Fletcher *et al.*, [@CR63]; Krucker *et al.*, [@CR111]). These hard X-ray observations suggests that most of the flare energy at a given site is released in an initial burst. The separation of the footpoints perpendicular to the flare ribbon, well observed in H*α*, appears to be the result of a more gentle energy release in a later flare phase (Švestka, [@CR191]; Martin, [@CR130]). Figure 8:mpg-Movie (1895.02832031 KB) Still from a movie showing Hard X-ray footpoints (with error bars) observed with the RHESSI satellite during the flare of November 9, 2002. Simultaneous footpoints are connected by a line colored sequentially with time. The footpoint information is overlaid on a SOHO/EIT image at 195 Å, indicating enhanced density in the corona. The movie shows two simultaneous footpoints connected by a vertical half-circle. The flux at each footpoint is indicated by the size of the purple circle at logarithmic scale (from Grigis and Benz, [@CR70]), courtesy of Paolo Grigis. (For video see appendix)

Hard X-rays have been noted to correlate with Ha kernels (Vorpahl, [@CR203]; Wuelser and Marti, [@CR210]), indicating that the flare energy reaches the dense part of the chromosphere within less than 10 seconds. Hard X-ray footpoints coincide spatially with Ha kernels (Radziszewski *et al.*, [@CR163], see Figure [9](#Fig9){ref-type="fig"}). Figure 9:mpg-Movie (9783.75390625 KB) Still from a movie showing *Left:* RHESSI flare observations of soft X-rays (red, 8--12 keV) and hard X-rays (blue, 20--50 keV) overlaid on an Ha background. Note the high-energy footpoints moving on the Ha flare ribbons, which moves apart in the very late phase. Visualization by RHESSI scientists. (For video see appendix)

Hard X-ray footpoints and soft X-ray flare loops are consistent with the standard flare scenario of energy release in the corona, energy transport to the chromosphere and chromospheric evaporation, but where is the energy released? First hints came from a third *hard* X-ray source above the soft X-ray loop (Masuda *et al.*, [@CR131]). The coronal X-ray emission contains a thermal part, dominating a low energies, and a weak non-thermal part above about 8--10 keV. The non-thermal emission in the corona is usually soft (Mariska and McTiernan, [@CR127]; Petrosian *et al.*, [@CR157]), consistent with the idea of a thin target (Datlowe and Lin, [@CR47]). Thus, the accelerated electrons lose only a small fraction of their energy and continue to propagate towards the chromosphere. In the chromosphere they meet a thick target, yielding a harder spectrum (Brown, [@CR35]; Hudson, [@CR84]). An example showing two footpoints and a coronal source is shown in Figure [10](#Fig10){ref-type="fig"}. In exceptional cases, only the fastest electrons reach the chromosphere (Veronig and Brown, [@CR201]). The coronal source often appears before the main flare hard X-ray increase, but is well correlated in time and spectrum with the footpoints (Emslie *et al.*, [@CR53]). These observations suggest strong coupling between corona and chromosphere during flares. Figure 10:Image of a solar flare in hard X-rays observed by the RHESSI satellite. The curved line indicates the limb of the photosphere. The displayed energy range 12--50 keV is dominated by the low energies, where the coronal source (right) prevails. Two footpoints (left) are clearly visible on the disk. The spider like structures are mostly artifacts of image reconstruction (from Battaglia and Benz, [@CR16]).

The altitude of coronal hard X-ray sources, some 6000--25,000 km, is compatible with observed time delays of hard X-ray peaks emitted at the footpoints (Aschwanden *et al.*, [@CR10]). Low energy photons are emitted later compared to higher energy photons. Delay-time observations scale with the observed lengths of the soft X-ray loop (Aschwanden *et al.*, [@CR11]), consistent with the interpretation of longer propagation times of lower energy electrons. If only time-of-flight effects are assumed, the propagation path would put the acceleration above the loop-top hard X-ray source. The assumption of simultaneous injection puts strong constraints on the timescales involved on the acceleration process (Brown *et al.*, [@CR37]).

The difference in the spectrum of coronal source and footpoints can be taken as a test for the geometry. Measurements by Petrosian *et al.* ([@CR157]) show that the power-law indices differ by about 1 on the average, contrary to expectations. A possible interpretation for a value less than 2 may be a mixture of thick and thin target emissions, overlapping in the observed resolution element. On the other hand, an analysis based on RHESSI data demonstrates the existence of index differences larger than two in 3 out of 9 events (Battaglia and Benz, [@CR16]). This discrepancy requires a more complete physical scenario than ballistic particle motion and will be discussed in the following section.

Return current {#Sec10}
--------------

It is unlikely that the fluxes of high-energy electrons and ions precipitating to the chromosphere balance out. Thus a beam current results. In a conducting plasma, a beam current cannot induce appreciable magnetic fields, and in static state the electric charge cannot separate along the field line. Thus a return current builds up to conserve charge and current neutrality (Spicer and Sudan, [@CR183]; van den Oord, [@CR199]; Benz, [@CR20]). The current is most likely driven by a dominant electron flux in the precipitating particles. Thus the return current direction is downward in the loop. It is composed mostly of thermal electrons moving freely upward along field lines.

As the return current consist of thermal particles, collisions play a much bigger role than for the beam particles (see Equation [8](#Equ8){ref-type=""}). Collisions cause electric resistance. Ohm's law then requires an electric field in downward direction, slowing down the beam electrons. The return current and its associated electric field are inevitable consequences of the standard flare model.

Some observational features have been interpreted as the effect of an upward pointing electric field. Figure [11](#Fig11){ref-type="fig"} displays spectra of the two footpoints observed in hard X-rays. They do not show a trace of thermal emission in the RHESSI range of energies. Their non-thermal power-law indices are identically 2.7±0.1. The power-law of the coronal non-thermal emission (Figure [11](#Fig11){ref-type="fig"}, right) is 5.6±0.1. The difference larger than 2 can be interpreted as an effect of the return current's electric field flattening the spectra of the footpoints. The return current may also leave an observational signature in the shape of the non-thermal X-ray spectrum in the form of a kink (Zharkova *et al.*, [@CR214]). Figure 11:Spectra of the three sources shown in Figure [10](#Fig10){ref-type="fig"} as observed by RHESSI at peak time. *Left and middle:* Spectra of footpoints. A power-law was fitted in energy between the dotted lines. *Right:* Spectrum of the coronal source. A power-law and a thermal population was fit between the dashed lines (from Battaglia and Benz, [@CR16]).

Return currents solves what has been referred to as the flare particle number problem: as the number of precipitating electrons inferred from hard X-rays is very large, the coronal acceleration region would soon be evacuated if not replenished. If only electrons escape from the acceleration region, the return current keeps its density constant. If also ions escape, the acceleration region is evacuated. This may be avoided by a pressure driven flow of neutral plasma. None of the observational signatures, however, for both neutral flow and return current are fully established, and their existence still needs corroboration.

Neupert effect {#Sec11}
--------------

Neupert ([@CR149]) noted that in the rise phase of the soft X-rays their flux corresponds to the time integral of the centimeter radio flux since the start of the flare. As the centimeter flare emission is emitted by relativistic electrons, it is not surprising that the same correlation was later also found between the soft X-ray flux and the cumulative time integral of the hard X-ray flux, i.e., $$\documentclass[12pt]{minimal}
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This empirical relationship is called the "Neupert effect". An example is presented in Figure [12](#Fig12){ref-type="fig"}. Already Neupert ([@CR149]) suggested that there may be a direct causal relation between the energetic electrons and the thermal plasma: the soft X-rays may originate chiefly from a plasma heated by the accumulated energy deposited through flare accelerated electrons. It should be remarked here that Equation [1](#Equ1){ref-type=""} is only an approximation and that the correspondence with theory works only if cooling (by conduction or radiation) is negligible. Figure 12:The derivation of the soft X-ray flux (observation by the GOES satellite) correlates in 80% of the flares with the hard X-ray flux (observation of the RHESSI satellite). This is an example of what is called the Neupert effect (from Dennis and Zarro, [@CR50]).

Standard flare model {#Sec12}
--------------------

The assumption of a strict causal relation between soft X-ray emission and hard X-ray signatures of energetic electrons has lead to a simple scenario. It postulates that flare energy release consists of accelerating particles. The acceleration process is not part of the model. Energetic particles then precipitate to the chromosphere, where they heat the plasma to the high temperatures observed in soft X-rays. The hot plasma expands along the loop into the corona, a process termed "evaporation". This simple scenario can explain several phenomena observed in flares: Correlation of soft X-ray flux with cumulative hard X-ray flux (Neupert effect)Hard X-rays (\> 25 keV) often originate from sources at the footpoints of the loop emitting soft X-rays.The coronal hard X-ray source, where reconnection releases energy, is occasionally observed to be above the soft X-ray loop, into which energy was release before and which is still emitting soft X-rays (Masuda *et al.*, [@CR131]).The energy in accelerated electrons tends to be larger than the thermal energy contained in the soft X-ray source (see discussion in Section [4](#Sec22){ref-type="sec"}).The hard X-ray spectrum of non-thermal electrons in the coronal source is considerably softer than in the footpoints, suggesting that the latter is a thick target. In thick targets the particles lose all their kinetic energy, and their bremsstrahlung emission is the result of all collisions until they come to full stop.The emission measure of the soft X-ray source greatly increases during the impulsive phase, indicating that chromospheric material is evaporating during this period. Evaporation has been observed directly, first in blue-shifted lines of hot material, later also in soft X-ray images (see following section).

Henceforth we refer to this scenario as the *standard model* (Figure [13](#Fig13){ref-type="fig"}). Figure 13:A schematic drawing of the standard flare scenario assuming energy release at high altitudes.

Evaporation of chromospheric material {#Sec13}
-------------------------------------

When energetic electrons (and possibly ions) precipitate from the coronal acceleration site and lose their energy in the dense underlying chromosphere via Coulomb collisions, the plasma responds dynamically. Note that the same may result also from heat conduction, when thermal particles transport the energy released in the corona. The temperature in the chromosphere increases and the resulting pressure exceeds the ambient chromospheric pressure. If the overpressure builds up sufficiently fast, the heated plasma expands along the magnetic field in both directions. The expansion of this plasma into the corona was first reported by Doschek *et al.* ([@CR51]) and Feldman *et al.* ([@CR57]). It was thoroughly studied in blue-shifted lines of Ca [xix]{.smallcaps} by Antonucci *et al.* ([@CR4]), who found plasma at a temperature of 20 MK, moving with 300 to 400 km s^−1^ and filling up the loop (Figure [14](#Fig14){ref-type="fig"}). A summary can be found in Antonucci ([@CR3]). More recent observations from SOHO/CDS suggest an upflow velocity of 230 km s^−1^ (Milligan *et al.*, [@CR143]). Figure 14:Averaged density profile along a loop inferred from the separation of X-ray footpoints, moving up the flare loop in a very dense flare. Note the increase in density between the first profile (*dashed*) and last profile (*dotted*). The loop fills up in between from the bottom (*solid curve*) (from Liu *et al.*, [@CR123]).

The evaporated hot plasma appears to be the source of most of the soft X-ray emission (Silva *et al.*, [@CR178]). Thus, the soft X-ray emitting plasma accumulates a significant fraction of the energy in the precipitating non-thermal electrons. Consequentially, the soft X-ray emission is proportional to the integrated preceding hard X-ray flux. As already noted by Neupert ([@CR149]), this may explain the effect named after him. Note that the scenario assumes that the observed soft X-ray plasma is not heated by the primary flare energy release, but is a secondary product when flare energy is transported to the chromosphere. This is an important point to remember in theories assuming that the coronal plasma is heated by flares.

The evaporation scenario predicts a linear relation between instantaneous energy deposition rate by the electron beam and time derivative of the cumulative energy in the thermal plasma, thus a linear relation between hard X-ray flux and derivative of the soft X-ray flux (Figure [12](#Fig12){ref-type="fig"}). This is not always the case (Dennis and Zarro, [@CR50]). There are several reasons for this: *(i)* the spectral index of the hard X-rays changes with time in most flares (Section [5.2](#Sec30){ref-type="sec"}), *(ii)* the flare energy may be preferentially transported by heat conduction (particularly in the pre-flare phase), and *(iii)* ions may contribute to the energy deposition. Some flares, however, fit extremely well and a time lag in the flare thermal energy of only 3 seconds relative to the energy input as observed in hard X-rays has been reported by Liu *et al.* ([@CR123]).

Evaporation is the result of coupling between corona and chromosphere. Such coupling is expected from the fact that the transition region separating the two layers in the solar atmosphere is relatively small compared to the mean free path length in the corona. The chromosphere is only a few collisions away from the corona even for thermal particles. There must be a constant heat flow through the transition region. In the impulsive phase of a flare, non-thermal particles may well dominate the energy transfer.

The expansion of the heated chromospheric plasma is driven by pressure gradients. Thus "evaporation" is a misnomer, as the phenomenon is no phase transition nor the escape of the fastest particles, but is an MHD process and more like an explosion. Wuelser *et al.* ([@CR211]) report downflowing material in H*α* at the location of the flare loop footpoints, suggesting a motion opposite to evaporation in the low chromosphere. The upflowing hot plasma and the downflowing chromospheric plasma have equal momenta, as required by the conservation of momentum in a ballistic explosion. Evaporation due to a flare may thus be understood as a sudden heating in the chromosphere, followed by an expansion that is initially supersonic.

Brosius and Phillips ([@CR34]) presented evidence of much more gentle kind of evaporation during the preflare phase of a flare. The maximum velocity in Ca [xix]{.smallcaps} was found to be only 65 km s^−1^. Such gentle evaporation below the coronal sound speed is interpreted by a non-thermal electron flux below 3 × 10^10^ erg cm^−2^s^−1^ (Milligan *et al.*, [@CR143]). Zarro and Lemen ([@CR213]) found signatures of gentle evaporation in the post flare phase, and Singh *et al.* ([@CR179]) reported signatures of evaporation also in a non-flaring state of a loop, suggesting thermal conduction of a hot coronal loop as the driver. These observations confirm that the evaporative response of the chromosphere depends sensitively on the flux of incident electrons. Fisher and Hawley ([@CR59]) have studied evaporation due to thermal energy input into the corona. Evaporation resulting from non-thermal particle precipitation has been simulated by several groups (Sterling *et al.*, [@CR184]; Hori *et al.*, [@CR81]; Reeves *et al.*, [@CR166]). In general, the results of these simulations agree with observed flare emissions quite well, indicating that the standard model of solar flares is energetically consistent with observations.

Deviations from standard flare model {#Sec14}
------------------------------------

A variant of the standard model has been proposed for flares without footpoints (Veronig *et al.*, [@CR200]; Veronig and Brown, [@CR201]). The flare loop has been found so dense that accelerated electrons have collisions already in the corona and lose a large fraction of their energy to the flare loop (Figure [15](#Fig15){ref-type="fig"}). A preceding flare at the same location may have produced the high density of the loop (Strong *et al.*, [@CR185]; Bone *et al.*, [@CR33]). Figure 15:RHESSI observations at 6--12 keV (red) and 25--50 keV (*blue*) of a coronal flare. The high-energy photons have a non-thermal origin and originate near the loop-top without pronounced footpoints (Veronig and Brown, [@CR201]).

There are other indications, that the standard model is not sufficient. In about half of the hard X-ray events, the Neupert behavior is violated in terms of relative timing between soft and hard X-ray emissions (Dennis and Zarro, [@CR50]; McTiernan *et al.*, [@CR135]; Veronig *et al.*, [@CR200]). This is particularly obvious in flares with soft X-rays preceding the hard X-ray emission. Such preheating is well known and cannot be explained by lacking hard X-ray sensitivity (e.g., Benz *et al.*, [@CR25]; Jiang *et al.*, [@CR88]). Also it has been noted by several authors that the plasma in the coronal source at the top is generally hotter than at the footpoints of the loop.

An alternative interpretation to the standard model is that the soft X-ray emitting plasma is not heated exclusively by high-energy electrons, (e.g., Acton *et al.*, [@CR1]; Dennis and Zarro, [@CR50]). A likely amendment to the standard model is that some coronal particles get so little energy during flare energy release that they have frequent enough collisions to approximately retain their Maxwellian velocity distribution. Thus their energization corresponds to heating. In a preflare, the heat of the coronal source may reach the chromosphere by thermal conduction. Depending on the rate of the energy release, other particles may gain so much energy that collisions become infrequent (Equation [8](#Equ8){ref-type=""}). These particles then are accelerated further, get a non-thermal velocity distribution, and may eventually leave the energy release region.

Flare Geometry {#Sec15}
==============

Geometry of the coronal magnetic field {#Sec16}
--------------------------------------

While there is nearly unanimous agreement that sheared or anti-parallel magnetic fields provide the flare energy released in an impulsive reconnection, the geometry of these magnetic fields in the corona at large scale is not clear. The prevalent view is depicted in Figures [13](#Fig13){ref-type="fig"} and [16](#Fig16){ref-type="fig"} (left), as well as illustrated by a coronagraph image in Figure [16](#Fig16){ref-type="fig"} (right). The scenario has evolved over the past four decades and is generally credited to Carmichael ([@CR39]), Sturrock ([@CR186]), Hirayama ([@CR78]), and Kopp and Pneuman ([@CR105]). So it also named CSHKP model after these scientists. It is basically a two-dimensional geometry, involving a magnetic loop that is pinched at its legs. The loop may be extremely large or moving outward, so that its legs consist of oppositely directed (anti-parallel) fields. As a result of reconnection, the top of the loop is ejected as a plasmoid. The best evidence for this geometry are vertical cusp-shaped structures seen in soft X-rays after the flare (Tsuneta *et al.*, [@CR198]; Shibata, [@CR175]; Sui *et al.*, [@CR189]). The cusp grows with time, and higher loops have a higher temperature (Hori *et al.*, [@CR80]), as predicted by continuous reconnection. The observational evidence also includes horizontal inflows of cold material from the side and two sources of hot plasma that move away from the X-point upward and downward. The observations of the former has been reported for a single event by Yokoyama *et al.* ([@CR212]) and Chen *et al.* ([@CR40]). Hot sources being ejected are more frequently observed in soft X-ray (Shibata *et al.*, [@CR176]). They have been noticed to be associated with drifting pulsating structures in decimetric radio emission (Khan *et al.*, [@CR95]) indicating the presence of non-thermal electrons. The reported association with hard X-rays and centimeter radio emission (caused by the synchrotron emission of mildly relativistic electrons) suggests that the plasmoids also include highly energetic particles (Hudson *et al.*, [@CR85]). There is also occasional evidence for the downward reconnection jet in addition to the observed upward motion of the soft X-ray source (Sui *et al.*, [@CR188]). Finally, the existence of two ribbons marking the footpoints of an arcade of loops in H*α*, EUV, and X-ray emissions (Figure [8](#Fig8){ref-type="fig"}) is long-standing evidence for the one-loop model, stretched into a third dimension. Figure 16:*Left:* A schematic drawing of the one-loop flare model. *Right:* Observation of an apparent X-point behind a Coronal Mass Ejection observed by LASCO/SOHO in white light.

In another also widely proposed geometry, two non-parallel loops meet and reconnect. There are several versions of the cause of interaction. Merging magnetic dipoles (Sweet, [@CR194]), collision of an newly emerging loop with a pre-existing loop, proposed by Heyvaerts *et al.* ([@CR77]), or the breakthrough of the emerging loop through the corona (Antiochos, [@CR2]). In this scenario the geometry is closed, i.e., no magnetic field line leads from the energy release site to interplanetary space. Ejecta leaving the Sun are still possible, but not a necessary ingredient of the model. Thus the two-loop model is often proposed for non-eruptive "compact flares". The model predicts the existence of 4 footpoints. The number of footpoints in hard X-rays rarely exceeds two. However, radio observations have been presented that complement the number of X-ray footpoints, resulting in the frequent detection of three or more footpoints (Kundu, [@CR115]; Hanaoka, [@CR74], [@CR75]). Nishio *et al.* ([@CR151]) find that the two loop considerably differ in size and that the smaller loop preferentially emits X-rays. There is also evidence from recent pre-flare EUV observations for multiple-loop interactions (Sui *et al.*, [@CR189]).

One-loop flare models predict the presence of plasmoids in interplanetary space, consisting of hot plasma interwoven with a closed magnetic field (i.e., magnetic field lines that close within the structure). Such plasmoids are characterized by the lack of electron heat flux because their field lines are disconnected from the Sun and have indeed been reported (Gosling *et al.*, [@CR68]). More frequently observed are counterstreaming hot electrons, indicating that the field line is closed, i.e., still connected to the Sun on both sides (Crooker *et al.*, [@CR46]). According to these authors, such features in the electron distribution are frequently observed in magnetic clouds associated with CMEs. Nevertheless, they are not associated with the great number of smaller flares.

Furthermore, there is a well-known association of nearly every large flare with type III radio bursts at meter wavelengths, produced by electron beams escaping from the Sun on open field lines connected to interplanetary space. Benz *et al.* ([@CR29]) report that 33% of all RHESSI hard X-ray flares larger than C5 in GOES class are associated with such bursts. This suggests that in a third of all flares at least one of the four ends of reconnecting field lines is open. As type III bursts represent only a small fraction of the flare energy this may not hold for the major flare energy release site. We note, furthermore, that type III bursts very often occur also in the absence of reported X-ray flares (Kane *et al.*, [@CR91]). The energy release by open and a closed field lines, termed interchange reconnection, has been proposed some time ago (Heyvaerts *et al.*, [@CR77]; Fisk *et al.*, [@CR60]) and applied more recently to in situ observations in a CME (Crooker and Webb, [@CR45]).

In conclusion, there is good evidence for both the one-loop and two-loop scenarios for the geometry of the coronal magnetic field in solar flares. There is no reason to assume that they exclude each other. The combination of both in the same flare, hybrids of a closed loop reconnecting with an open loop, and other scenarios are also conceivable. Thus we do not state a standard geometry for the preflare coronal magnetic field configuration. The magnetic topologies of one loop, interchange and two loop are generally classified as dipolar, tripolar, and quadrupolar, respectively. In addition, 2D and 3D versions can be distinguished (Aschwanden, [@CR7]), and various nullpoint geometries have been proposed (Priest and Forbes, [@CR162]).

Coronal hard X-ray sources {#Sec17}
--------------------------

In the standard flare scenario, where the flare energy is released in the corona and non-thermal particles are accelerated in the corona, coronal X-ray emission showing a power-law photon energy distribution must attract special attention. It is generally assumed that its emission is near or in the acceleration region. This section thus concentrates on flare related X-ray emissions from well above the chromospheric footpoints.

The ordinary corona has a density that is not suggestive of hard X-ray emission. However, such radiation was discovered as soon as it became technically feasible. Frost and Dennis ([@CR66]) reported an extremely energetic event from active region behind the limb. Its origin must have been at an altitude of about 45,000 km above the photosphere. The presence of non-thermal electrons in coronal sources has been inferred by the first observers based on the high energy of the detected photons, exceeding 200 keV. Coronal hard X-ray observations have been studied essentially event-by-event beyond the limb (e.g., Kane, [@CR89]) until it became possible to image hard X-rays thanks to the RHESSI satellite (Lin *et al.*, [@CR120]). Krucker *et al.* ([@CR113]) have reviewed the RHESSI results concerning the coronal X-ray sources of flares.

Occasional emission of bremsstrahlung photons by non-thermal electrons in the corona may not be surprising, the observed intensity is. It is so high because of a high density of the background plasma. Estimates of the loop-top density from soft X-rays and EUV lines are typically around 10^10^ and can reach up to a few times 10^12^ cm^−3^ (Tsuneta *et al.*, [@CR198]; Feldman *et al.*, [@CR58]; Veronig and Brown, [@CR201]; Liu *et al.*, [@CR123]; Battaglia and Benz, [@CR15]). The reported temperatures are several ten millions of degree (Lin *et al.*, [@CR118]). The pressure balance of such structures is enigmatic. What is the origin of this thermal loop-top source?

Thermal loop-top sources have first been interpreted in terms of chromospheric evaporation. Thus one may expect them to follow the Neupert behavior where the soft X-rays are proportional to the hard X-ray flux integrated over prehistory. It is then incomprehensible that thermal coronal sources appear before the start of the hard X-ray emission. In fact, the most prominent feature in the preflare phase is the early appearance of a thermal source at the loop-top. The material content (emission measure) in these sources greatly exceeds the normal value in the active region corona. Thus is must have evaporated from the chromosphere. One may speculate that in this early phase the flare energy is not transported by energetic particles, but more gently conducted by thermal particles.

A characteristic of the thermal source is the temperature distribution with loop height. The highest looptops sometimes show Fe [xxi]{.smallcaps} emission, suggesting a temperature of 20 MK, while at the same time lower laying loops show emission in the Fe [xi]{.smallcaps} and Fe [xii]{.smallcaps} lines characteristic for temperatures between 1--3 MK (Warren *et al.*, [@CR206]). The thermal emission must not be confused with the thermal X-ray emission from giant arches observed in the post-flare phase (Švestka, [@CR192]).

Masuda *et al.* ([@CR131]) have reported hard X-ray emission from above the thermal X-ray loop. Historically, this has raised great interest as it seemed to confirm the scenario of reconnection in a current sheet in a vertical cusp-shaped structure above the soft X-ray loops. However, this seems to be rather exceptional. In more recent studies, the large majority of non-thermal sources are cospatial with the thermal source (Battaglia and Benz, [@CR16]). Stereoscopic observations by two spacecraft (Kane, [@CR89]) and recent RHESSI observations find that the non-thermal emission from the corona and the footpoints correlated in time. Even the soft-hard-soft behavior (Section [5.2](#Sec30){ref-type="sec"}) has been detected in the coronal source (Battaglia and Benz, [@CR16]). The coronal hard X-ray emission is not always stationary. Upward motions have been reported with velocities of about 1000 km s^−1^ following the direction of a preceding CME (Hudson *et al.*, [@CR85]).

The coronal source has been observed to emit hard X-rays even in the pre-flare phase before footpoints appear. Even more astonishingly, non-thermal emission at centimeter wavelengths, suggesting the presence of relativistic electrons, has been reported in such sources (Asai *et al.*, [@CR6]).

Intermediate thin-thick target coronal sources {#Sec18}
----------------------------------------------

The observation of Masuda *et al.* ([@CR131]) suggests a model that consists of four basic elements: a particle accelerator above the top of a magnetic loop (consistently imagined at the peak of a cusp), a coronal source visible in SXR and HXR, collision-less propagation of particles along the magnetic loop and HXR-footpoints in the chromosphere. Wheatland and Melrose ([@CR207]) developed a simple model that has been used and investigated further (e.g., Metcalf and Alexander, [@CR139]; Fletcher and Martens, [@CR61]). The thermal coronal source acts as an intermediate thin-thick target on electrons depending on energy (thick target for lower energetic electrons, thin target on higher energies). This model is known as intermediate thin-thick target, or ITTT model. The ITTT model features a dense coronal source into which a beam of electrons with a power-law energy distribution is injected. Some high-energy electrons then leave the dense region and precipitate down to the chromosphere. The coronal region acts as a thick target on particles with energy lower than a critical energy *E*~*c*~ and as thin target on electrons with energy \> *E*~*c*~. This results in a characteristic hard X-ray spectrum showing a broken power-law as well as soft X-ray emission due to collisional heating of the coronal region. The altered electron beam reaches the chromosphere, causing thick target emission in the footpoints of the magnetic loop. Battaglia and Benz ([@CR16]) have tested the ITTT model in a series of flares using RHESSI data. The results indicate that such a simple model cannot account for all of the observed relations between the non-thermal spectra of coronal and footpoint sources. Including non-collisional energy loss of the electrons in the flare loop due to an electric field can solve most of the inconsistencies.

The simple ITTT model shows that the standard flare geometry is consistent with current observations. The remaining inconsistencies concern the coronal source. Its non-thermal component was found less bright than the footpoints would predict according the ITTT model (Battaglia and Benz, [@CR17]). A possible remedy is acceleration within the thermal coronal source. Jiang *et al.* ([@CR88]) argue that thermal conductivity in the coronal source is reduced by wave turbulence to interpret the soft X-ray emission. Turbulence would also scatter non-thermal particles or even accelerate them.

It is proper to conclude that the coronal X-ray source is not understood.

Location of particle acceleration {#Sec19}
---------------------------------

Accelerated particles precipitate from the acceleration site or are temporarily trapped. On their way spiraling along the magnetic field, they radiate various radio emissions at frequencies depending on the local plasma. As the corona is transparent to radio emission above the plasma frequency, the accelerated particles outline the geometry of the environment of acceleration and/or the actual site of acceleration.

Gyrosynchrotron radiation is emitted incoherently by relativistic electrons over the whole loop (review by Bastian *et al.*, [@CR14], Figure [17](#Fig17){ref-type="fig"}). The spectrum at high frequencies is close to a power-law, shaped by the initial power-law energy distribution of accelerated electrons. The loop-top radio spectrum falls off far more steeply at high frequencies than does the footpoint spectrum. Thus the centimeter radio emission confirms the differences between loop-top and footpoints found in X-ray sources. In addition to gyrosynchrotron emission, Wang *et al.* ([@CR204]); Silva *et al.* ([@CR177]) report thermal loop-top emission at a temperature of about 30 MK, in rough agreement with the hot thermal component of the coronal soft X-ray source. Figure 17:mpg-Movie (264.590820312 KB) Still from a movie showing Thermal emission and a flare observed with the Nobeyama interferometer at 17 GHz. The event has the classic signatures of an event associated with a coronal mass ejection: motion is seen first in the prominence material, then the flare goes off, leaving long-duration soft-X-ray emitting loops around for several hours. Note that the prominence material is at a temperature of less than 10,000 degrees K (shown at top), whereas the flare loops come from material at 10 MK: both cool and hot material show up at this radio frequency. The *left* panel shows total intensity, and the *right* panel shows circularly-polarized radio emission. Polarization is only detected during the early phase of the flare, when very energetic electrons fill up the loop and emit intense synchrotron radiation. Courtesy of Stephen White. (For video see appendix)

The most intense flare radio emission at meter and decimeter wavelengths originates not from single particles, but from waves in the plasma, i.e., from coherent radiation processes. Fast drift radio bursts, or type III bursts, were among the first types of meter wave emissions discovered in the 1940s. The drift of the radiation to lower frequencies with time was interpreted by Wild ([@CR208]) as the signature of an electron beam propagating upward through the corona at a speed of 0.2--0.6 *c*. Later, occasional reverse-drift bursts were discovered (downward-directed beams). Summaries of the type III observations can be found in Krüger ([@CR114]), Suzuki and Dulk ([@CR190]), and Pick and van den Oord ([@CR199]). Imaging observations have shown that the type III sources are often not single, but emerge simultaneously into different directions. Paesold *et al.* ([@CR153]) found double type III sources to diverge from a common source of narrowband spikes around 300 MHz (see Figure [18](#Fig18){ref-type="fig"}). Figure [19](#Fig19){ref-type="fig"} shows a three-dimensional reconstruction assuming an exponential (constant temperature) model for the density. The spikes observed to be close to the point of divergence suggest the location of the acceleration at an altitude around 90,000 km. Krucker *et al.* ([@CR107], [@CR108]) located spike sources at about 5 × 10^5^ km altitude. Klein *et al.* ([@CR98]) found evidence for acceleration of type III electron beams at the height of one solar radius. Figure 18:Spectrogram of type III radio bursts (drifting structures in the upper right) and meter wave type of narrowband spikes (center) (from Benz *et al.*, [@CR26]).Figure 19:Reconstructed trajectories of two radio events involving type III bursts and spikes, both of the kind often observed at meter wavelength. *Upper right:* Positions with error bars observed by the Nancay Radio Heliograph at three frequencies. The symbols represent the observed frequencies: × for 327.0 MHz, ■ for 236.6 MHz, and △ for 164.0 MHz. *Bottom left:* Position of the radio emissions on the Sun. The small square indicates the size of the image presented in the upper right image. *Upper left:* Projection of the sources on the meridian plane (as seen by an observer West of the source as seen from Earth). *Lower right:* The radio sources projected on the equatorial plane, showing the view of an observer North of the Sun). In both graphs the trajectories have been 3-dimensionally spline interpolated to outline the trajectory (Paesold *et al.*, [@CR153]).

Metric spikes have been found to be associated in some cases with impulsive electron events in the interplanetary medium (Benz *et al.*, [@CR19]). The low energy cut-off of the interplanetary electron distribution defines an upper limit of the density in the acceleration region (Lin *et al.*, [@CR119]). The derived electron density is of the order of 3 × 10^8^ cm^−3^, consistent with the density in the source of metric spikes, assuming second harmonic plasma emission. The difference between acceleration height in hard X-rays, particle events and coherent radio waves suggests different acceleration processes.

Energetic ions {#Sec20}
--------------

Gamma-ray lines between 0.8 and 20 MeV are emitted atomic nuclei excited by impinging ions. The neutron-capture line at 2.223 MeV (forming deuterium) is usually the strongest of the many lines (Figure [20](#Fig20){ref-type="fig"}). Protons and other nuclei accelerated from about 10 MeV to ≳ 100 MeV per nucleon collide with the nuclei in the dense chromosphere and produce neutrons. Neutrons thermalize and, after traveling less than 1000 km, are captured by an ambient proton to form deuterium (Ramaty and Kozlovsky, [@CR164]; Hua and Lingenfelter, [@CR83]). Thus images in the 2.223 MeV line indicate the site of high-energy ion precipitation. Comparison of imaged and spatially integrated fluences observed by the RHESSI satellite show that in all cases most of the emission was confined to compact sources within the active region (Hurford *et al.*, [@CR86]). In some events double footpoints were observed. Thus the flare associated gamma-rays are produced by ions accelerated in the flare process and not by a large-scale shock driven by a coronal mass ejection. Figure 20:RHESSI gamma-ray spectrum from 0.3 to 10 MeV integrated over the duration of the flare of July 23, 2002. The lines show the different components of the model used to fit the spectrum (Lin *et al.*, [@CR121]).

Surprisingly, RHESSI found that the footpoints of the 2.223 MeV line --- indicating ion precipitation --- and the footpoints of the non-thermal continuum emission --- produced by precipitating electrons --- do not coincide (Figure [21](#Fig21){ref-type="fig"}). The discrepancy demonstrates that protons and electrons are accelerated differently, or originate, as proposed by Emslie *et al.* ([@CR55]), in large and small loops, respectively. Figure 21:Location of the gamma-ray sources observed by the RHESSI satellite on October 28, 2003. The contours at 50%, 70%, and 90% of the peak value show in *blue* the deuterium recombination line at 2.223 MeV and *red* the electron bremsstrahlung at 200--300 keV. The centroid positions of the bremsstrahlung emission at different times are indicated by plus signs. The FWHM angular resolution is 35″, given at bottom left. The RHESSI data are overlaid on the negative of a TRACE 195 ∫ image dominated by the emission of Fe [xii]{.smallcaps} (Hurford *et al.*, [@CR87]).

Thermal flare {#Sec21}
-------------

Most of the flare energy is thermalized in the solar atmosphere, some of which is heated to high temperatures. This part is visible in soft X-rays (Figure [22](#Fig22){ref-type="fig"}). In the absence of further energy release the plasma cools by thermal conduction to the chromosphere and by radiating X-rays. At high temperature and low density, conductive cooling dominates, radiative cooling in the opposite case (Cargill *et al.*, [@CR38]). If conductive cooling leads to evaporation of chromospheric material, the cooling time becomes longer as the energy remains in the loop. Figure 22:mpg-Movie (1139.47753906 KB) Still from a movie showing Soft X-ray images observed by Hinode on April 30, 2007. It shows an active region during two hours. Some small flares or microflares occurred; the largest was of class B2.6 (prepared by A. Savcheva). (For video see appendix)Figure 23:Overlays of RHESSI hard X-ray (orange) and white light difference (thick blue) image contours on a white-light image observed by the TRACE satellite. The thin white contours show white light contours as observed by MDI on SOHO; the accuracy of the pointing can be assessed by comparing the white light background observed by MDI and TRACE (Fletcher *et al.*, [@CR64]).

Flare loop cooling has been investigated by several authors. Radiative cooling and conduction losses have been found to balance approximately (e.g., Jiang *et al.*, [@CR88]). In the late phase, radiative cooling usually dominates, but considerable heat input is frequently observed (e.g., Milligan *et al.*, [@CR142]).

Energy Budget {#Sec22}
=============

Magnetohydrodynamic models suggest that reconnection releases magnetic energy into ohmic heating and fluid motion in about equal amounts (textbook by Priest and Forbes, [@CR162]). At the level of kinetic plasma theory, ohmic heating may amount to accelerating particles to non-thermal energy distribution. The motion of the reconnection jet may involve waves and shocks, both are also capable of acceleration. Thus a flare releases energy initially into the forms of heat, non-thermal particles, waves, and motion.

In the past, the observed partition of energy in flares into the various forms has often changed with new instrumentation. The most complete estimate of the total flare energy is currently the measured enhancement in total solar irradiance. Woods *et al.* ([@CR209]) determined the total flare irradiance to exceed the soft X-ray emission (\< 27 nm) by a factor of 5 in two well observed, large flares. The total irradiance enhancement is dominated by white light and infrared emission (77%). UV and soft X-ray emissions \< 200 nm amount to 23%.

Most of the white light originates in the chromosphere and upper photosphere (Neidig, [@CR148]), but the excellent correlation with hard X-rays (Matthews *et al.*, [@CR134]; Metcalf *et al.*, [@CR140]; Hudson *et al.*, [@CR86]) suggests that the energy is deposited in the upper chromosphere and is transported to the deeper layers by radiation. The latter authors also point out that white light flares are not different from others, and that possibly all flares may be observed in white light with sufficient sensitivity. Not included in the total irradiance is the energy that leaves the corona in coronal mass ejections. Emslie *et al.* ([@CR54]) report that the kinetic energy of the CME exceeded the non-thermal electrons' energy of the associated flare by about an order of magnitude in two major flares. However, taking into account the flare energy radiated at wavelengths other than X-rays, in particular in white light, brings the flare energy up to the CME energy or beyond (Table [1](#Tab1){ref-type="table"}). Table 1:Energy budgets as reported by Saint-Hilaire and Benz ([@CR171]) for M-class flares and by Emslie *et al.* ([@CR56]) for X-class flares. The non-thermal electron energy strongly depends on the low-energy turn-over of the electron distribution, which may be masked by thermal radiation. Thus the non-thermal electron energy is a lower limit. The total radiated energy includes the contributions of X-rays, UV, and optical emissions.Energy mode2002/11/10 M2.6 \[erg\]2002/08/22 M7.8 \[erg\]2002/04/21 X1.7 \[erg\]2002/07/23 X5.1 \[erg\]Non-thermal electrons1.9 × 10^30^6.5 × 10^30^2.0 × 10^31^3.2 × 10^31^Non-thermal ions\< 4.0 × 10^31^7.9 × 10^31^Thermal hot plasma1.4 × 10^30^2.6 × 10^30^1.2 × 10^31^1.0 × 10^31^Total radiated1.6 × 10^32^1.6 × 10^32^Kinetic CME2.0 × 10^32^1.0 × 10^32^Gravitational CME5.0 × 10^30^1.6 × 10^31^Non-thermal CME3.2 × 10^31^\< 10^30^

Non-thermal electron energy {#Sec23}
---------------------------

White light and soft X-rays probably do not represent primary forms of energy, but result from kinetic energy, *E*~kin~, transported to the chromosphere by particles: $$\documentclass[12pt]{minimal}
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                \begin{document}$${E_{{\rm{kin}}}} = \int_{{\varepsilon _{\min}}}^{{\varepsilon _{\max}}} {F(\varepsilon)} \varepsilon d\varepsilon,$$\end{document}$$ where *ε* is the electron energy and *F* is the electron flux distribution per energy unit impinging on the target. If the accelerated electrons have a power-law distribution with a spectral index of *δ*, the emitted bremsstrahlung by a thick target is also approximately a power-law in photon energy with index *γ* = *δ* − 1. As δ \> 2 in all observations, the integral in Equation [(3)](#Equ3){ref-type=""} depends strongly on the low-energy cut-off *ε*~min~. It is difficult to observe as the emission of the non-thermal electrons usually outshone by the emission of the thermal plasma around 10 keV. Only recently, with the 1 keV spectral resolution of RHESSI, it has become possible to reconstruct the electrons' energy distribution at low energies (≈ 10 keV). Structure in the reconstructed electron distribution was reported by Kontar *et al.* ([@CR102], [@CR103]), indicating that spectral features may indeed be observed. It suggested that the inversion of photon spectra into electron energy distributions is possible (Piana *et al.*, [@CR160]). However, several effects distort the photon spectrum around 10 keV, in particular reflection of X-rays at the chromosphere, termed albedo effect (Kontar *et al.*, [@CR104]; Kašparová *et al.*, [@CR93]), free-bound emission and pulse pile-up in the detectors. Thus the low-energy turnover of the electron distribution measured and reported to be at 20--40 keV or below (Saint-Hilaire and Benz, [@CR171]) is unconfirmed and may be an upper limit.

Thermal energy {#Sec24}
--------------

Electron energy distributions can be inferred from X-ray spectra with high spectral resolution, e.g., Figure [7](#Fig7){ref-type="fig"}. The quasi-thermal part, observed mostly in coronal sources, reaches temperatures of several ten MK. For simplicity, it is often modeled with a single temperature, sometimes with an additional much hotter, but smaller second component. In reality, the distribution of the emission measure with temperature (called differential emission measure, DEM) can easily exceed a factor two in the temperature range (McTiernan *et al.*, [@CR135]; Chifor *et al.*, [@CR41]; Aschwanden, [@CR8]). The quasi-thermal population may be directly heated coronal material or evaporated chromospheric material heated by precipitating particles accelerated by the flare. As the coronal emission measure greatly increases during a flare, most of the thermal flare plasma must origin from the chromosphere. The first X-ray emissions appear to be purely thermal, but already contain more material than expected in the corona of quiescent active regions. Thus the thermal X-ray plasma is generally assumed to be evaporated chromospheric material. The thermal energy *E*~th~ of this plasma is thus of flare origin and amounts to $$\documentclass[12pt]{minimal}
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                \begin{document}${\cal M}$\end{document}$ is the observed emission measure of soft X-rays. The observations suggest that *E*~kin~ is larger by a factor of 1--10 than *E*~th~ for plasma at *T* \> 10 MK (Emslie *et al.*, [@CR54]; Saint-Hilaire and Benz, [@CR171]). The factor concurs with the expectation that heating to coronal temperature is not a loss-free process. The result is also consistent with the observations in white light suggesting that a major part of the precipitated energy is lost to low-temperature plasma not observable in X-rays (Section [4.4](#Sec26){ref-type="sec"}).

Energy in waves {#Sec25}
---------------

The process of magnetic energy release reconnects two magnetic field lines and launches two reconnection jets that can be viewed as Alfvénic excursions of two waves. The waves cascade to smaller wavelengths until they resonate with electrons or ion (Miller *et al.*, [@CR141]; Petrosian *et al.*, [@CR158]). Thus waves are essential in the currently most popular view of particle acceleration. Reconnection may be collision-free as found in the terrestrial magnetosphere (Øieroset *et al.*, [@CR152]) and possibly involve effects of electron inertia. For solar conditions, intense turbulence of collision-free waves causing anomalous resistivity may play a role.

Waves of all frequencies from large scale MHD waves to high-frequency waves up to whistler waves have been predicted and observed in magnetospheric reconnection (Deng and Matsumoto, [@CR49]; Øieroset *et al.*, [@CR152]). Waves can propagate energy across magnetic field lines. Low-frequency Alfvén waves produced by coronal reconnection can move through most of the corona having absorption at inhomogeneities. Thus they can transport energy even to the high corona and solar wind.

MHD waves related to flares have been inferred from pulsating radio bursts (Roberts *et al.*, [@CR168]) and were more recently reported in high-temperature EUV emission (Aschwanden *et al.*, [@CR12]) and in X-rays (Foullon *et al.*, [@CR65]; Nakariakov *et al.*, [@CR147]). Schrijver *et al.* ([@CR173]) have shown that most larger flares (classes M and X) trigger loop oscillations. However, the energy deposited in these oscillations is typically six orders of magnitude smaller compared to the flare energy release (Terradas *et al.*, [@CR196]). Furthermore, the oscillations are observed to damp within a few oscillation periods. From the existing observations it is not clear how far the energy of these oscillations propagates into the corona. Nevertheless, it is obvious that the observed oscillations do not significantly contribute to coronal heating.

Current acceleration models are based on wave damping (Section [6](#Sec32){ref-type="sec"}). The energy in observed MHD waves originating from flares is in striking contrast to expectation from the assumed role they play in acceleration.

Other energies {#Sec26}
--------------

The energy in the non-thermal ions is less known than for electrons. Ramaty *et al.* ([@CR165]) have argued that the fraction of the available flare energy that is contained in accelerated ions above 1 MeV is similar to that of electrons above 20 keV. This conclusion is supported by the observations that the derived non-thermal energy in protons is comparable within an order of magnitude to the non-thermal energy in electrons (e.g., Cliver *et al.*, [@CR44]; Miller *et al.*, [@CR141]). The above observations, however, leave doubtful whether the energy in non-thermal electrons and ions add up to the energy of flares observed in total irradiance (see Table [1](#Tab1){ref-type="table"}).

The possibility remains that some energy propagates from the release site to the chromosphere by means of low energy (non-thermal) particles below the current threshold for X-ray detection or by heat conduction (i.e., thermal particles). This is supported by the observation that in a quarter of the events there is clear evidence for the presence of an additional energy transport mechanism other than non-thermal electron beams (Veronig *et al.*, [@CR200], [@CR202]). Furthermore, the relative contribution to energy transport by non-thermal electrons is found to decrease with the flare importance and in the late phase of flares.

Other forms of energy must also be considered. The reconnection process releases bipolar outflows that may be observed as ejections. Magnetic field and plasma are expelled from the X-point where oppositely directed field lines meet. Reconnection jets may not propagate far and are distinct from CMEs. Saint-Hilaire and Benz ([@CR20]) observed a stopped ejection in a flare and measured an initial kinetic energy of motion of about 10^29^ erg, about the same as the thermal energy in the soft X-ray plasma, and interpreted it as a reconnection jet (Figure [24](#Fig24){ref-type="fig"}). The thermal energy that such ejections contain was found even an order of magnitude larger, but it was not possible to estimate what fraction of it originated in the flare. Figure 24:mpg-Movie (3460.421875 KB) Still from a movie showing An overview in Fe [xii]{.smallcaps} EUV emission observed by EIT/SOHO, later zooming into the observations by TRACE, both showing thermal coronal emission of a plasma at about 1.5 MK. The 12--25 keV hard X-ray emission observed by RHESSI is shown in red and yellow colors (courtesy of Pascal Saint-Hilaire). (For video see appendix)

A further form of energy is the work done by the expansion of the heated flare plasma from chromospheric density to the observed value of the thermal X-ray source. This expansion in volume by a factor of 10^3^ or more, may consume more energy than its heating (Benz and Krucker, [@CR23]). The expansion energy is released when the material cools and rains back to the chromosphere. A fraction is finally radiated away at temperatures below coronal. Other forms of direct energy release, such direct coronal heating are not yet reliably measurable. The uncertainties in these estimates make it difficult to assess the energy partition of flares and their contribution to coronal heating.

Energy input into the corona {#Sec27}
----------------------------

The heating of the corona is a long standing debate and is not the issue here. We may still ask the question of the resulting energy input into the corona based on the new findings on flares. Obviously, large flares occurring in active regions during solar maximum are unlikely candidates. The existence of tiny flares unobservable by current instruments is a questionable hypothesis.

The question of flare heating has come up again recently by observations of extremely small brightenings in soft X-rays in the quiet corona (Krucker *et al.*, [@CR109]). Some of the larger events have been found to correlate with centimeter radio emission. Similar events have also been reported in high-temperature EUV lines (Benz and Krucker, [@CR22]; Berghmans *et al.*, [@CR31]; Krucker and Benz, [@CR106]). Figure [25](#Fig25){ref-type="fig"} shows the time profiles of two radio sources at the opposite ends of a small Fe [xii]{.smallcaps} loop. In one of them (third panel), the radio source has a negative slope (3.8 cm flux larger than 2 cm flux), indicating gyrosynchrotron emission. The radio peaks occur before the temperature maximum and emission measure peak of the thermal EUV emission, following the Neupert relation between thermal and non-thermal flare emissions. The other source (fourth panel) has an increasing spectrum, indicating optically thick thermal radio emission, coincident with the EUV emission. The events were soon realized to be at least similar to regular flares and thus termed nanoflares. The most relevant difference to regular flares is the order of magnitude lower ratio of synchrotron emission to soft X-rays compared to regular flares (Benz, [@CR19]). Figure 25:Time profile of nanoflare observed in Fe [xi]{.smallcaps}/[x]{.smallcaps}, and Fe [xii]{.smallcaps} lines at 17.1 nm and 19.5 nm by EIT/SOHO. *Top panel*: temperature averaged over the area of the event; *second panel*: the emission measure; *third panel*: radio flux observed by the VLA at 6 and 3.6 cm wavelength at the location of the 6 cm peak; *bottom panel*: same at the location of the 3.6 cm peak.

The pertinent question is how much the observed flare-like events contribute to the heating of the corona. The largest nanoflares reported contain energies of a few 10^26^ erg (Krucker and Benz, [@CR106]). This number refers to the thermal energy in the soft X-rays emitting flare plasma and is identical to the largest individual flare-like events inferred from Fe [xi]{.smallcaps}/[x]{.smallcaps}, and Fe [xii]{.smallcaps} lines. It does not include coronal bright points, locations in the quiet corona where continuous flaring during many hours is observed. The smallest flares reported given by the TRACE instrumental limit is a few 10^23^ erg (Parnell and Jupp, [@CR155]). The rate of events larger than few 10^24^ erg and lasting about 15 minutes each, estimated over the whole Sun is 300 per second (Krucker and Benz, [@CR106]). Benz and Krucker ([@CR23]) have estimated that the total energy measured in nanoflares in the energy range from 5 × 10^24^ erg to 5 × 10^26^ erg observable by EIT/SOHO amounts to about 12% of the radiated energy of the observed coronal area.

This review of flare observations emphasizes that the thermal energy measured at peak soft X-ray or EUV emission is not equivalent to the total flare energy input into the corona. Most of the thermal flare plasma is just the reaction of the chromosphere on a coronal phenomenon. We may thus end this short subchapter by the conclusion that the cause of coronal heating by flares needs more quantitative modeling. Flare heating cannot be quantitatively assessed from observations of one energy receiving channel alone as long as the energy partition of regular flares into waves, direct heating, motion, and particle acceleration is unclear.

Signatures of Energy Release {#Sec28}
============================

As explained in Section [3](#Sec15){ref-type="sec"}, the location of energy release is not well known. Even less understood is its process. Some observational evidence restricting the possible mechanisms is presented in the following.

Coronal hard X-ray signatures {#Sec29}
-----------------------------

The coronal hard X-ray source is not necessarily identical to the acceleration region, but a thin or thick target for accelerated electrons. The relation between coronal hard X-rays and acceleration is not clear. The centroid position of the coronal hard X-ray emission has been reported to be higher with increasing photon energy, and to be located above the thermal soft X-ray loop (Masuda *et al.*, [@CR132]). In some cases it has been reported to move out (Shibata *et al.*, [@CR176]). In another case, the speed of the outward motion of several hundred km s^−1^ was correlated with the flux of accelerated electrons (Sui *et al.*, [@CR188], Figure [26](#Fig26){ref-type="fig"}). The shape of the hard X-ray emission is not always plain circular. Elongated tongues stretching out from the loop-top are frequently reported (e.g., Sui *et al.*, [@CR188]). The altitude of this source decreases from the start of the hard X-rays until peak time at 23:12 UT, while a source above the loop-top moves upwards at speeds of 23 km s^−1^. Well contained emission is also seen (e.g., Figure [24](#Fig24){ref-type="fig"}). Figure 26:*Top:* Light curves in two energy bands (upper curve, 6--12 keV; lower curve, 25--50 keV) of the April 15, 2002 flare observed by RHESSI. *Bottom:* Altitude of the loop-top centroid obtained using the 60% contour for the images in the 6--12 (*crosses*) and 12--25 keV (*diamonds*) bands. The *triangles* show the altitude of the lower source above the flare loop. The horizontal bars on each point represents the integration time of the corresponding image. The lines show linear fits to the altitudes vs. time for two time ranges and two energy bands (from Sui *et al.*, [@CR188]).

With higher spectral resolution it became possible to determine also the shape of the photon energy distribution. The coronal hard X-rays have been found to be well represented by a power-law in energy (Emslie *et al.*, [@CR53]; Battaglia and Benz, [@CR15]), similar to what is well known for footpoint sources. The predominant near power-law distribution of accelerated electron energies is a stringent characteristic of the acceleration process, and not the result of propagation.

Soft-hard-soft behavior in hard X-rays {#Sec30}
--------------------------------------

The hardness of the non-thermal spectrum changes in the course of a flare, starting soft (steep), getting harder at the peak and softening toward the end (Parks and Winckler, [@CR154]; Kane and Anderson, [@CR90]). A few large flares continue to harden after the peak (Frost and Dennis, [@CR66]; Krucker *et al.*, [@CR112]). These flares have been shown to be particularly well associated with solar energetic particle events (Kiplinger, [@CR96]).

The great majority of flares follows a soft-hard-soft behavior (illustrated in Figure [27](#Fig27){ref-type="fig"}). This correlation between (negative) spectral index and flux is generally interpreted as a signature of the acceleration process. A similar relation also holds for peak values of flares with different size, indicating that small flares are on the average softer (Battaglia *et al.*, [@CR18]). Both the time variation and the size variation of the spectral index with flux indicate that intense hard X-ray radiation is not a superposition of many small events. High flux means that the acceleration process is driven more forcefully, resulting in a harder spectrum. It is stringent property of the acceleration process, but alas, many acceleration processes show this behavior. Figure 27:Flux density at 35 keV and power-law index as determined from RHESSI observations of the non-thermal component of flare hard X-ray emission. Colors mark individual subpeaks. The close correlation demonstrates soft-hard-soft behavior in the smallest details (from Grigis and Benz, [@CR69]).

The soft-hard-soft property has become more relevant recently when it became possible to express the relation between flux and spectral index in a quantitative way that can be compared to models (Grigis and Benz, [@CR69], [@CR71]). The relation appears as a power-law relation between the photon spectral index *γ* and the flux density *F*(*E*~0~) measured at a given energy *E*~0~, $$\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma = AF{({E_0})^{- \alpha}},$$\end{document}$$ where *A* is constant that varies from flare to flare, and *α* is 0.121 ± 0.009 in the flare rise phase and 0.172 ± 0.012 in the decay phase for *E*~0~ = 35 keV (Grigis and Benz, [@CR69]). In this quantitative form, the soft-hard-soft behavior becomes a stringent condition for electron acceleration theories.

Radio emissions from the acceleration region {#Sec31}
--------------------------------------------

There are several flare related processes that emit radio waves. The large variety of flare related radio emission may be grasped from Figure [28](#Fig28){ref-type="fig"}. Their emission processes must be distinguished as they refer to widely different physical mechanisms. Only few radio emission, if any, come from the acceleration region. Most flare radio emissions, except some thermal radiation at millimeter and submillimeter waves, are interpreted to be caused by non-thermal electrons. They emit two kinds of non-thermal emissions: incoherent and coherent. In incoherent emission, such as synchrotron emission, non-thermal electrons radiate individually. When a wave organizes electrons to emit in phase, the emission becomes coherent. On some cases, radio emission results from mixing two plasma waves (textbooks by Melrose, [@CR137]; Benz, [@CR20]). Coherent emissions are emitted at the local plasma frequency, upper hybrid frequency, electron gyrofrequency, or their harmonics and carry information on the plasma parameters in the source. As the plasma frequency exceeds the electron gyrofrequency by more than an order of magnitude in most of the corona, the plasma frequency is the lowest frequency observable from outside the solar atmosphere. If the flare energy is released at electron densities between 10^8^ and 10^11^ cm^−3^, as generally believed, the corresponding emission is at short meter waves and, predominantly, in the decimeter region. Figure 28:Radio spectrogram observed by the Phoenix-2 spectro-polarimeter operated by ETH Zurich. At low frequencies (top of image), the radio emission is dominated by type III bursts and U bursts emitted by escaping electron beams and trapped electron beams. The brightest feature is a type V event, possibly caused by electrons left behind by unstable beams. At high frequencies (bottom of image) the synchrotron emission of mildly relativistic electrons (gyrosynchrotron) dominates, correlating well with hard X-rays. In the middle of the frequency range at about 800--2000 MHz, narrowband spikes of the decimetric type can be seen.

The study of the spatial distribution of the synchrotron emission by mildly relativistic electrons (gyrosynchrotron) has a long history. Both loop-top sources and double sources located close to the conjugate magnetic footpoints were reported (Marsh and Hurford, [@CR129]; Kundu *et al.*, [@CR116]; Kawabata *et al.*, [@CR94]). The comparison with theoretical simulations of the gyrosynchrotron brightness distribution along model magnetic loops (see Bastian *et al.*, [@CR14], for a review) strongly suggests that the distribution of mildly relativistic electrons along an extended flaring loop must be highly inhomogeneous: accelerated electrons are concentrated in the upper part of the loop (Nindos *et al.*, [@CR150]; Melnikov *et al.*, [@CR136]). Some of the centimeter loop-top emissions were observed in the late phase of flares (e.g., Karlický, [@CR92]). They are not related to the main energy release, but possibly to high-energy X-rays detected late in flares (Krucker, personal communication) and possibly the end stage of the spectral hardening observed in non-thermal X-rays (see Section [5.2](#Sec30){ref-type="sec"}). The investigation of the acceleration region using gyrosynchrotron emission has greatly profited from combination with hard X-rays. It may result in the measurement of the magnetic field in loop-tops in future work.

Benz *et al.* ([@CR30]) found some coherent radio emission in all flares larger than C5 class, except near the limb where absorption seems to play a role. While there is good *association* between coherent radio emission and X-rays, *correlation* in details of the time profile is less frequent. Thus coherent emissions cannot expected to be reliable tracers of the main flare energy release in general. Emissions at higher frequencies, such as decimetric narrowband spikes, pulsations, and stationary type IV events appear to be more directly related to the acceleration process. The association but loose correlation between HXR and coherent radio emission may be interpreted by multiple reconnection sites connected by common field lines, along which accelerated particles may propagate and serve as a trigger for distant accelerations. Thus coherent radio emissions may be interesting diagnostics in special cases.

Correlation of coherent radio emissions with hard X-rays (or gyrosynchrotron emission) has been reported for spikes and pulsations (Slottje, [@CR180]; Benz and Kane, [@CR21]; Aschwanden *et al.*, [@CR9]; Kliem *et al.*, [@CR101]). If these coherent radiations are emitted at the second harmonic of the plasma frequency --- the usual assumption --- the density of the source region is in the range from 10^9^ cm^−3^ to a few times 10^10^ cm^−3^. This range is a possible indication for the density in the acceleration region. Although initially interpreted as loss-cone emissions of trapped particles near footpoints, they have been found at high altitudes, consistent with loop-tops (Benz *et al.*, [@CR20]; Khan *et al.*, [@CR95]; Kundu *et al.*, [@CR117]). As the emission mechanism of spikes and pulsations is not well understood, the origin of the radiating high-frequency waves cannot be further investigated.

Best candidates for direct emission from the acceleration region are small clusters of narrowband spikes around 300 MHz, reported to correlate in detail with electron beam emission (type III radio bursts). About 10% of all meter wave type III groups are accompanied with spikes near but slightly above the start frequency (Benz *et al.*, [@CR24]). The spikes are concentrated in the spectrogram on the extrapolation of the type III bursts to higher frequency. More precisely, as suggested by Figure [19](#Fig19){ref-type="fig"}, metric spikes are located on the extension of type III trajectories, supporting a model of energy release in or close to the spike sources (Benz *et al.*, [@CR26]). If this is the case, radio observations can approximately locate the acceleration region for the type III electrons and measure the electron density of the acceleration region (Section [3](#Sec15){ref-type="sec"}).

Type IV emissions occur late relative to the hard X-ray peak and appear to be connected to some late-phase acceleration (Švestka *et al.*, [@CR193]; Klein *et al.*, [@CR100]). They may be related to delayed electron releases of interplanetary electron events in the corona (Klein *et al.*, [@CR99]).

Some radio emissions (like type III and V) are due to electrons escaping from the acceleration region. Hard X-ray flares are associated with meter-wave type III bursts in 33% of all cases, and in 4% of them type III bursts are the exclusive radio emission. Type III emission is caused by electron beams becoming unstable towards growing electrostatic plasma waves at the local plasma frequency. These waves are converted into radio waves slightly above the plasma frequency *ω*~p~, $$\documentclass[12pt]{minimal}
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                \begin{document}$${\omega _{\rm{p}}} = \sqrt {{{4\pi {e^2}{n_e}} \over {{m_e}}}},$$\end{document}$$ or its harmonic, where *n*~*e*~ is the electron density, *e* the elementary charge, and *m*~*e*~ the electron mass. Type III emission thus occurs at a frequency that varies with the local density. Observed at many different frequencies, it can be used to trace the path of the electron beam in the corona. Different beams following different trajectories diverging from the acceleration region have been used to locate the acceleration region (Figure [19](#Fig19){ref-type="fig"}). The distance from this region to the start of type III emission depends on the energy spectrum of accelerated electrons (Benz, [@CR20], p. 32). Future interferometers observing at many frequencies will refine this method.

A major constraint by radio emission on particle acceleration is the fact, that in 15% of larger flares (\> C5.0 class) there is no coherent radio emission except some electron beam emitting at very high altitude (Benz *et al.*, [@CR30]). Whether coherent radio emission is necessarily emitted or not, is therefore an observable criterion for the validity of acceleration models. The frequent lack of direct radio emission from the acceleration region suggests that the acceleration is "gentle", excluding significant deviations from a Maxwellian velocity distribution, such as a monoenergetic beam. The deviations only build up after the non-thermal electrons have traveled some distance and the faster particles have outpaced the slower particles, or after a loss-cone results from magnetic trapping. Gentle acceleration favors acceleration by diffusion in velocity space as predicted by stochastic acceleration (Section [6](#Sec32){ref-type="sec"}).

Acceleration Processes {#Sec32}
======================

A remarkable fraction of the total flare energy released first appears as kinetic particle energy in non-thermal electrons and ions (Section [5](#Sec28){ref-type="sec"}). White light observations (Section [4](#Sec22){ref-type="sec"}) suggest that in addition to the particles observed in X-rays and gamma-rays particles at lower energies (about 1 keV for electrons) transport energy to the upper chromosphere and transition region. The acceleration process thus is a major issue in flare physics and constitutes the core of the flare enigma. We will briefly review here the major ingredients of the current theories and then present the observational evidence.

The transfer of magnetic energy to kinetic particle energy has been observationally separated into two phases. In the impulsive flare phase, the concept is "bulk energization", involving an increase of the electron energy by more than two orders of magnitude starting from the coronal thermal energy (some 0.1 keV) within less than 1 s as derived from hard X-ray observations (Kiplinger *et al.*, [@CR97]). The other class of acceleration occurs in a secondary phase, possibly as a result of the first phase such as shock wave initiated by a flare or an associated coronal mass ejection. The second phase may be less productive in particle acceleration, but is more important for solar energetic particles in interplanetary space.

We will concentrate here on bulk energization, in which the whole particle population gains energy and remains close to a Maxwellian distribution and/or develops a non-thermal tail. The acceleration of a particle to an energy *E*~kin~ requires that it occurs faster than the collision time *τ*~*coll*~(*E*~kin~) for energy loss. The energy loss time for an electrons with velocity $\documentclass[12pt]{minimal}
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                \begin{document}$${\tau _{coll}}({E_{{\rm{kin}}}}) = 3.1 \times {10^{- 20}}{{v_T^3} \over {{n_e}}} = 0.31{\left({{{{v_T}} \over {{{10}^{10}}\;{\rm{cm}}\;{{\rm{s}}^{- 1}}}}} \right)^3}\left({{{{{10}^{11}}\;{\rm{c}}{{\rm{m}}^{- 3}}} \over {{n_e}}}} \right),$$\end{document}$$ where *n*~*e*~ is the electron density. Note that for densities up to some 10^12^ cm^−3^ are reported for coronal sources (Section [3.2](#Sec17){ref-type="sec"}). Equation [(8)](#Equ8){ref-type=""} yields a collision time requiring acceleration within less than one second. On the other hand, Equation [(8)](#Equ8){ref-type=""} excludes efficient particle acceleration at high densities if the process takes a finite time.

Electron acceleration theories {#Sec33}
------------------------------

The free mobility of charged particles in dilute plasma and the difference in inertia between electrons and ions make it likely that electrons are accelerated in every major impulsive process in the corona. Convertible (free) magnetic energy requires the presence of an electric current and an associated electric field before the flare-like process. Waves of various types from MHD to collisionless are expected to be excited by the flare and are also capable to accelerate particles in resonance. From a plasma physics point of view, acceleration is not surprising; controversial is, however, which process dominates.

The conversion of magnetic energy into accelerated particles can be accomplished by several processes. It is likely that more than one occurs during a flare and its secondary effects. The most widely discussed can be grouped into 3 types (e.g., Melrose, [@CR138]; Benz, [@CR20]): stochastic acceleration (e.g., resonant acceleration by waves),electric field parallel to the magnetic field,perpendicular and parallel shocks (first and second order Fermi acceleration).

The preferred but not generally accepted acceleration model for solar flares is stochastic acceleration by the magnetic field component of low-frequency waves (Miller *et al.*, [@CR141]; Schlickeiser and Miller, [@CR172]; Petrosian *et al.*, [@CR158]). Particles near Cerenkov resonance (*υ* ≈ *ω*/*k*~∥~) are mirrored by the waves. The process is known as Transit-Time Damping of waves. It acts as a diffusion process of the particle distribution *f*(**p**) in momentum space, described by the Fokker-Planck equation $$\documentclass[12pt]{minimal}
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The diffusion coefficients *D*~*ij*~ and *F*~*i*~ contain the physics: the action of accelerating waves and decelerating Coulomb collisions. Figure 29:mpg-Movie (2078.88867188 KB) Still from a movie showing The particle distribution vs. energy in time (*blue*) as described by Equation [(9)](#Equ9){ref-type=""}. A tail develops out of the thermal distribution (*purple*). The solution becomes stationary after about one second when acceleration balances particle escape out of the acceleration region. The spectral index resulting from fitting a power-law in the region limited by dashed red lines is also shown (from Grigis and Benz, [@CR72]). (For video see appendix)

Comparing theories with observations {#Sec34}
------------------------------------

Flare particle acceleration occurs in the wake of reconnection in low density plasma. The details are still obscure. Current flare observations contain numerous information that limits the scenarios for particle acceleration. Concerning the three types mentioned in the previous section, observations exclude more than they confirm. In particular: High-frequency waves near the plasma frequency can be excluded as drivers for stochastic acceleration. They would couple into radio decimeter waves and be present in every flare. On the other hand, acceleration by Transit-Time Damping is compatible with the frequent lack of radio emission because the frequency of the postulated turbulence is far below the plasma frequency and does not cause radio emission.The number of electrons that can be accelerated in current sheets is limited by the current, and observed values are difficult to match with a classic current sheet (Holman, [@CR79]; Litvinenko, [@CR122]).Large-scale, stationary electric fields would cause major distortions in velocity space, susceptible to velocity space instabilities and beam driven high-frequency waves observable as radio waves. Such radio emission should correlate well with hard X-ray emission, which is not seen in every flare.Shock acceleration plays an important role in interplanetary space, which is not the issue here. More directly related to flares are shocks possibly produced by the reconnection process. Radio signatures of such shocks have been reported by Aurass *et al.* ([@CR13]); Mann *et al.* ([@CR126]), but are still disputed and, if confirmed, extremely rare. Nevertheless, slow shocks have been predicted at the interface between inflow and outflow regions of reconnection, as well as fast shocks at the bow of the reconnection outflows. High energies could be readily be achieved (100 MeV ions in \< 1s, Ellison and Ramaty, [@CR52]; Tsuneta and Naito, [@CR197]).

The Transit-Time Damping scenario is consistent with present observations, although there is no direct evidence for it. Thus it must be considered as a still unproven hypothesis. In fact, there are other viable scenarios: as an alternative to acceleration by fluctuating magnetic fields (and also to large-scale quasi-electric fields) low-frequency fluctuating electric fields parallel to the magnetic field have been proposed. Such fields may originate from low-frequency and high-amplitude turbulence, such as kinetic Alfvén waves. They accelerate and decelerate electrons, leading to a net diffusion in energy space (Arzner and Vlahos, [@CR5]).

Conclusions {#Sec35}
===========

Flares may be considered to result from the loss of equilibrium in magnetic configurations. Although reconnection is a general phenomenon, it occurs in an impulsive way only in the corona, where collisions are rare and thus the plasma is highly conductive. Regular flares must be considered as extreme phenomena of the continuous dynamics of the corona. Radio noise storms (type I bursts) and meter wave type III bursts hint at activity in the high corona that is not yet accessible to other wavelengths and is prone to surprises.

Therefore, flares should not be considered exceptional catastrophes that occur rarely and mostly during solar maximum. Flare-like brightenings, called nanoflares, occur in the quiet corona at a rate of at least a few thousand per second. Is the corona heated by flares? It may well be that the impulsive processes in the coronal plasma related to sudden changes in resistivity are the cause of the corona. We cannot answer this question definitively, however, as long as we do not understand how much energy flares deposit into the corona in the various possible ways. Furthermore, the corona below 20,000 km above the photosphere, including the transition region, is not well explored in flare research. It is also the place where most of the coronal heating occurs. This region will soon become accessible to white light coronagraphs and high-temperature line observations. The future of flare research will also profit from spatial resolution in decimetric radio waves.

Regular flares are not two of a kind, and each flare has individual features. For this reason, it is not surprising that observations at various wavelengths do not correlate in a simple manner as predicted by a simple scenario. The fact, that every flare appears to be different, must be taken as evidence that coronal dynamics has many degrees of freedom. Nevertheless, recent observations in X-rays and EUV allow identifying the magnetic topologies, confirming the general scenario of reconnection. They have shown that various groups of flares exist and have greatly contributed to our ever growing understanding of coronal phenomena.

Flares consist of a series of processes, starting with energy build-up in the corona and ending by restructuring the magnetic configuration and releasing magnetic energy. The processes include reconnection, anomalous resistivity, efficient particle acceleration, particle propagation, coronal and chromospheric heating, evaporation, mass loss, high-frequency waves and MHD oscillations, as well as various emission mechanisms. All these processes are important issues in astrophysics and worth studying for their own. They all have seen significant progress in the past decades and will be addressed by the new observing facilities planned and in construction. A major impact can be expected from simultaneous imaging observations in practically all wavelengths. They will greatly contribute to the growing physical understanding of solar flares in the near future.
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mpg-Movie (14976.1992188 KB) Still from a movie showing Soft X-rays (red), hard X-rays (blue) and gamma-rays (purple) observed by the RHESSI satellite are overlaid on an optical H*α* image. The movie starts in white light zooming into an active region. The color then changes to the H*α* line of hydrogen, emitted in the chromosphere. Its brightening indicates the start of the flare. Visualization by RHESSI scientists.

mpg-Movie (15763.2460938 KB) Still from a movie showing Flare observed in the Fe [xii]{.smallcaps} line at 195 Å (sensitive to 1.5 MK plasma) by the TRACE satellite. Note the different phases, starting with irregular brightnings in the impulsive phase. The luminosity peaks when a sheet-like structures appears above the initial brightening. The diffuse emission at this time is attributed to the presence of the Fe [xxiv]{.smallcaps} (192 Å) line within the TRACE passband, emitted by a plasma of 20 MK. The flare proceeds into a long decay phase with post-flare loops growing in height.

mpg-Movie (15435.8730469 KB) Still from a movie showing Zoom into an active region where a large flare took place on April 21, 2002. The movie starts in white light observed by the SOHO/MDI instrument, adds the coronal images observed by the SOHO/LASCO coronagraph, then changes to extreme ultraviolet observed by SOHO/EIT and later by the TRACE satellite, and later the RHESSI observations of the flare in soft X-rays (red) and hard X-rays (blue). The focus then goes to the associated coronal mass ejection observed by the coronagraph. The movie ends in a storm of streaks produced by energetic flare particles (mostly protons), hitting the detectors on the Solar and Heliospheric Observatory (SOHO) in space. Visualization by RHESSI scientists.

mpg-Movie (118.463867188 KB) Still from a movie showing *Left:* White light image of a sunspot taken with SOT on board the Hinode satellite. The resolution is 2″. Visualization by Hinode scientists. *Right:* Vector magnetogram showing in red the direction of the magnetic field and its strength (length of the bar). The movie shows the evolution in the photospheric fields that has led to an X class flare in the lower part of the active region. Courtesy of NAOJ/NINS.

mpg-Movie (1895.02832031 KB) Still from a movie showing Hard X-ray footpoints (with error bars) observed with the RHESSI satellite during the flare of November 9, 2002. Simultaneous footpoints are connected by a line colored sequentially with time. The footpoint information is overlaid on a SOHO/EIT image at 195 Å, indicating enhanced density in the corona. The movie shows two simultaneous footpoints connected by a vertical half-circle. The flux at each footpoint is indicated by the size of the purple circle at logarithmic scale (from Grigis and Benz, [@CR70]), courtesy of Paolo Grigis.

mpg-Movie (9783.75390625 KB) Still from a movie showing *Left:* RHESSI flare observations of soft X-rays (red, 8--12 keV) and hard X-rays (blue, 20--50 keV) overlaid on an Ha background. Note the high-energy footpoints moving on the Ha flare ribbons, which moves apart in the very late phase. Visualization by RHESSI scientists.

mpg-Movie (264.590820312 KB) Still from a movie showing Thermal emission and a flare observed with the Nobeyama interferometer at 17 GHz. The event has the classic signatures of an event associated with a coronal mass ejection: motion is seen first in the prominence material, then the flare goes off, leaving long-duration soft-X-ray emitting loops around for several hours. Note that the prominence material is at a temperature of less than 10,000 degrees K (shown at top), whereas the flare loops come from material at 10 MK: both cool and hot material show up at this radio frequency. The *left* panel shows total intensity, and the *right* panel shows circularly-polarized radio emission. Polarization is only detected during the early phase of the flare, when very energetic electrons fill up the loop and emit intense synchrotron radiation. Courtesy of Stephen White.

mpg-Movie (1139.47753906 KB) Still from a movie showing Soft X-ray images observed by Hinode on April 30, 2007. It shows an active region during two hours. Some small flares or microflares occurred; the largest was of class B2.6 (prepared by A. Savcheva).

mpg-Movie (3460.421875 KB) Still from a movie showing An overview in Fe [xii]{.smallcaps} EUV emission observed by EIT/SOHO, later zooming into the observations by TRACE, both showing thermal coronal emission of a plasma at about 1.5 MK. The 12--25 keV hard X-ray emission observed by RHESSI is shown in red and yellow colors (courtesy of Pascal Saint-Hilaire).

mpg-Movie (2078.88867188 KB) Still from a movie showing The particle distribution vs. energy in time (*blue*) as described by Equation [(9)](#Equ9){ref-type=""}. A tail develops out of the thermal distribution (*purple*). The solution becomes stationary after about one second when acceleration balances particle escape out of the acceleration region. The spectral index resulting from fitting a power-law in the region limited by dashed red lines is also shown (from Grigis and Benz, [@CR72]).

The literature often uses the term 'microwaves' for frequencies in the range 1--30 GHz, in particular in connection with gyrosynchrotron emission. In the lower wavelength part, microwaves overlap with the decimeter wavelength range. We will thus use strictly the decimal wavelength notation in this review to avoid confusion.
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